Abstract. Irinotecan is a major anticancer agent specifically targeting DNA topoisomerase I. Its cytotoxicity is mediated via a two-step process involving accumulation of reversible DNA-topoisomerase I complexes associated with transient DNA single-strand breaks which subsequently are converted into permanent DNA double-strand breaks by the replication fork during S phase. Irinotecan may be selectively active for treatment of colorectal cancers that show microsatellite instability (MSI) due to deficiencies in mismatch repair enzymes, compared to tumors that are microsatellite stable but show chromosome instability (CIN). Although the clinical activity of irinotecan is principally limited by acquired drug resistance, surprisingly little is known about the influence of prolonged irinotecan exposure on the cell cycle dynamics. We have developed two colon cancer cell lines resistant to SN-38, the active metabolite of irinotecan, one derived from HT-29 (CIN), the other from HCT-116 (MSI). We here show that besides classical resistance mechanisms, SN-38 resistance is accompanied by an increased generation doubling time, a decreased S phase fraction and an increased G2 fraction in vitro as in tumor xenografts for both CIN and MSI models. As a consequence, SN-38-resistant cells and tumors show cross-resistance to the S-phase selective agent 5-fluorouracil. The resistance is accompanied by increased basal levels of γ-H2AX and phospho-Chk2 without notable changes in the levels of phospho-Chk1. Taken together, our results show that prolonged irinotecan exposure is accompanied by stable modifications of cell cycle dynamics which could have profound impact on tumor sensitivity to a wide range of antitumor agents and may influence tumor progression in patients.
Introduction
Irinotecan (CPT-11) is a camptothecin derivative (CPT) selectively targeting the nuclear enzyme DNA topoisomerase I. Like other CPTs, irinotecan-mediated cytotoxicity is mediated by a two-step process. This includes drug-mediated accumulation of reversible DNA-topoisomerase I complexes (called cleavable complexes) that are associated with transient DNA single strand breaks. Subsequently, these complexes are converted into permanent DNA single and double strand breaks by the replication fork during the S phase of the cell cycle (1) (2) (3) (4) . As a result, CPTs are preferentially toxic toward S phase cells (5-7).
Irinotecan is a major drug for treatment of patients with metastatic colorectal cancer (CRC) (8, 9) and a promising agent for other applications such as gastric cancer. However, its clinical activity is limited by both intrinsic (natural) and acquired drug resistance. Patients with CRC can be divided into two major groups according to the type of genetic instability displayed by the tumor (10, 11) . The major group (>80% of patients) is characterized by numerical and/or structural chromosome instability (CIN) associated with loss of heterozygosity (LOH) and aneuploidy. The other group (~15% of patients) is characterized by microsatellite instability (MSI/ MIN). MSI is linked to dysfunction of the DNA mismatch repair (MMR) system, which is involved in the correction of base/base mismatches and insertion/deletion loops during replication (12) . Interestingly, it has been reported that irinotecan is selectively active toward MMR-deficient tumor cells in vitro as in patients (13, 14) although this needs further confirmation.
Acquired CPT resistance has been associated with reduced drug uptake, decreased topoisomerase I expression and/or TOP1 mutations (14) (15) (16) (17) (18) (19) (20) (21) . In comparison, surprisingly little is known about the influence of prolonged CPT exposure on the cell cycle machinery. This issue is likely to gain importance in the years to come considering the advent of novel liposomal and pegylated preparations of irinotecan and its major metabolite SN-38 (22, 23) .
Acquired irinotecan resistance is accompanied by stable modifications of cell cycle dynamics independent of MSI status
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We have developed two independent CPT-resistant human CRC cell lines, one derived from HT-29 cells (CIN) the other from HCT-116 cells (MSI) by prolonged exposure to increasing concentrations of SN-38 in the growth media. Here, we report that in addition to classical resistance mechanisms, CPT resistance is accompanied by increased generation doubling time, a decreased S fraction and an increased G2 fraction in vitro as in vivo. As a consequence, SN-38-resistant cells show crossresistance to S-phase selective agents such as 5-fluorouracil. SN-38 resistance is accompanied by increased basal levels of γ-H2AX and phospho-Chk2 without notable changes in the levels of phospho-Chk1. Taken together, our results indicate that prolonged exposure to CPTs is accompanied by stable modifications of cell cycle dynamics. This could have profound impact on tumor sensitivity to a wide range of antitumor agents and may influence tumor progression in patients.
Materials and methods
Drugs and chemicals. Irinotecan was purchased from Pfizer whereas SN-38 (7-Ethyl-10-Hydroxy-20(S)-Camptothecin) was obtained from Abatra Τechnology (Sophia Ho, China). 5-Fluorouracil was purchased from Teva-Pharma. MTT (3-[4,5-dimethylthiazol-2-yl])-2,5-diphenyltetrazolium bromide), propidium iodide, 4' ,6-diamidino-2-phenylindole (DAPI) and RNase A were obtained from Sigma.
Cells and culture medium. HCT-116 and HT-29 colorectal carcinoma (CRC) cells were generously provided by Bert Vogelstein (Baltimore, MD) and Richard Camalier (Division of Cancer Treatment and Diagnosis Τumor Repository, NCI), respectively. The cells were maintained in Mc Coy's 5A (HCT-116) or DMEM medium (HT-29) from PAA supplemented with 5% fetal calf serum (FCS, Eurobio), 100 U/ml penicillin and 100 µg/ml streptomycin.
To obtain SN-38-resistant cells, HT-29 and HCT-116 cells were exposed to increasing concentrations of SN-38 over 6-9 months as previously described (25) . Specifically, cells in log phase were first exposed to the IC 50 dose of SN-38. Once surviving cells reached 80% confluence, they were passaged twice per week at the same concentration of SN-38. The process was repeated with increasing doses of SN-38 until a resistant cell population was obtained. Cells were routinely maintained in drug-free media except for a single three day drug exposure every three weeks. All experiments were carried out with cells grown without drug for at least one week. The resistant phenotype was stable over a least 20 passages in the absence of drug.
Cytotoxicity assay. The MTT (tetrazolium dye [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide], Sigma) assay was used to determine the growth inhibitory effects of SN-38 after 120 h continuous drug exposure as previously described (26) (27) (28) . The IC 50 value corresponds to the drug concentration inhibiting cell growth by 50% compared with the growth of untreated control cells. All values are averages of at least three independent experiments performed in duplicate.
Clonogenic assay. The colony formation assay was carried out as previously described (29) . Briefly, cells (500-2,000) were plated in 60-mm Petri dishes and incubated overnight.
Exponentially growing cells were exposed to different drug concentrations for ten days and the colonies were fixed with ethanol, stained with 0.5% crystal violet and examined under a stereomicroscope. Colonies of 50 or more cells were considered to originate from viable cells. The IC 50 value corresponds to the drug concentration inhibiting colony formation by 50% compared to the number of colonies for untreated control cells. All values are averages of at least three independent experiments, each performed in duplicate.
Single cell gel electrophoresis (comet assay). Cells were exposed to the indicated drug concentrations for 20 min at 37˚C in the dark and subjected to single cell electrophoresis (comet assay) under alkaline conditions as described previously (30, 31) . Image analysis was performed using Komet 5.5 software (Kinetic Imaging, Nottingham, UK) to determine the percentage of nuclear DNA present in the comet tail. A minimum of 100 cells were analyzed per sample. Values represent the average of at least two independent experiments.
Relative quantitative RT-PCR. mRNA expression of TOP1 was evaluated by relative quantitative real-time PCR (qRT-PCR) as previously described (32, 33) . Validated QuantiTect ® Primer Assays (Qiagen) were used for amplification. All quantifications were done in duplicate for three independent experiments and normalized with respect to the endogenous β-actin (ACTB) mRNA levels for each reaction. Target cDNA expression was quantified using the comparative C t method and expressed as the fold change in samples from SN-38-resistant cells vs samples from the corresponding parental cell lines.
TOP1 sequencing. Total RNA was extracted using RNeasy Plus mini kit (Qiagen) and reverse-transcribed using the RevertAid Premium reverse transcriptase (Fermentas). The resulting cDNA was used to amplify the entire TOP1 open reading frame by polymerase chain reaction (PCR) and PCR products were sequenced bidirectionally (Eurofins MWG Operon, Ebersberg, Germany).
Drug uptake. HPLC was performed as previously described (34) with minor modifications. For each cell line, three independent samples of five millions cells were incubated with 150 nM SN-38 for 20 min at 37˚C, rapidly washed in ice-cold PBS and scraped in 2 ml of ice-cold methanol. Samples were centrifuged at 4˚C (800 g for 7 min), the cell pellets were suspended in 1 ml methanol and samples (50 µl each) subjected to HPLC analysis.
The chromatographic detection was achieved by using an Atlantis-C18 (5 µm, 250x4.6 mm) analytical column (Waters) maintained at room temperature and protected by a C18 guard cartridge (Waters). The mobile phase was a mixture of 75% 20 mM ammonium acetate, pH 3.4 and 25% acetonitrile with a flow rate of 1.5 ml/min. The fluorescence detector excitation wavelength was 368 nm and the emission wavelength 515 nm. Run time for each analysis was 13 min. The retention time for SN-38 was 9.8 min and the detection limit was 0.5 ng/ml. Data collection and processing were performed using Millenium software (Waters). Each sample was analyzed at least twice.
Western blot analysis. Western blot analysis was carried out as described previously (35, 36) . The following primary antibodies were used: rabbit anti-ABCG2 (#4477), rabbit anti-pSer317 Chk1 (#2344), rabbit anti-pThr68 Chk2 (#2661), mouse anti-Chk1 (#2345) and mouse anti-Chk2 (#2662), all from Cell Signaling. Rabbit anti-Topo I (sc-10783) was from Santa Cruz, mouse antiPgp (#517312) was from Calbiochem, while mouse anti-β-actin (#A5441) was purchased from Sigma. The secondary antibodies include horseradish peroxidase-conjugated goat anti-mouse or anti-rabbit secondary antibodies (Jackson ImmunoResearch Laboratories) while the enhanced chemiluminescence reagent was obtained from Amersham.
Flow cytometry analysis. The cell cycle distribution was measured by flow cytometry using a FACSCalibur flow cytometer (Becton-Dickinson) as previously described (37, 38) . The expression of phosphorylated histones was determined with help of the following antibodies: mouse anti-pSer139 histone H2AX antibody (#05-636, Millipore) and mouse anti-pSer10 histone H3 (Cell Signaling, 9706).
Immunocytochemistry and image acquisition. Cells were grown on coverslips and prepared for immunocytochemistry as described previously (39, 40) . Epitopes were detected with the following primary antibodies: mouse anti-pSer139 histone H2AX, rabbit anti-Cyclin B1 (#4138, Cell Signaling) or mouse anti-pSer1981 ATM (#4526, Cell Signaling) followed by anti-rabbit or anti-mouse CyTM3-conjugated secondary antibodies from Jackson ImmunoResearch Laboratories. Cells were washed, counterstained with DAPI and mounted with Vectashield (Vector Laboratories) before being subjected to microscopy. Fluorescent images were captured using an inverted microscope (Olympus CKX41) and digital compact camera (Olympus Camedia C4000) and the fluorescence intensities were determined using the MetaMorph software (Universal Imaging Corporation) for quantitative analysis.
Immunohistochemistry. To measure in vivo DNA synthesis, the thymidine analog 5-ethynyl-2'-deoxyuridine (EdU, Life Technologies) was administered 48 h before sacrifice as previously described (41) . Xenograft models. The antitumor activity of irinotecan was evaluated in athymic mice (female NMRI-Foxn1, 6 weeks old) from Taconic (Skensved, Denmark) bearing HT-29, HT-29/SN-38, HCT-116 or HCT-116/SN-38 CRC xenografts as described previously (41) . Briefly, two to six million cells were injected into the right flank and the treatments were started when the tumors were palpable (median tumor volume ~100 mm 3 ). Animals were weighed daily and tumor sizes were determined three times per week. Measurements (in millimeter) were made in two dimensions (width and length) and tumor volumes were calculated as AxB 2 /2, where A is tumor length and B is tumor width as described previously (41) .
For determination of drug sensitivity, mice were treated with 35 mg/kg irinotecan i.p. every four day or with 25 mg/kg 5-FU i.p. on days 1, 2, 15 and 16 and the tumor growth inhibition was determined by comparison with the tumor growth of untreated controls.
Statistical analysis. The statistical analysis of experimental data was performed using a Student's paired t-test, and results are presented as mean ± standard deviation (SD).
Results

Establishment of SN-38-resistant cell lines. SN-38-resistant cells
were established by continuous exposure to increasing concentrations of SN-38 in the growth media for 6-9 months as previously described (25) . The cytotoxicity of SN-38 toward parental and resistant CRC cells was determined by the MTT viability assay after 120 h continued drug exposure. The parental HCT-116 cells (MSI) were more sensitive than the parental HT-29 cells (CIN) with IC 50 values of 5 and 12 nM, respectively. In contrast, the resistance to SN-38 was more pronounced for HCT-116/SN-38 cells than for HT-29/SN-38 cells with IC 50 values of 90 nM (18-fold resistance) and 60 nM (5-fold resistance), respectively.
The formation of drug-induced single-stranded DNA breaks is reduced in SN-38-resistant cells.
The CPT-induced cleavable complexes are associated with the formation of transient DNA single-strand breaks and can thus be determined by the alkaline comet assay (single cell electrophoresis) after brief drug exposure (42) . The results (Fig. 1A) show that the development of SN-38 resistance was accompanied by a significant reduction in the levels of DNA single stranded breaks (that is cleavable complexes) at all doses examined for both HT-29/SN-38 and HCT-116/SN-38 cells, compared with the respective parental cells (p<0.001).
Expression of topoisomerase I in parental and SN-38-resistant cells.
The attenuation of drug-induced DNA single-strand breaks can result from decreased levels of topoisomerase I. qRT-PCR analysis showed that the mRNA levels of topoisomerase I were significantly decreased (p<0.01) in HT-29/SN-38 cells whereas no notable changes were observed for HCT-116/SN-38 cells (Fig. 1B,  left panel) . Western blot analysis of topoisomerase I indicated a modest decrease (~20%) in topoisomerase I protein levels for both resistant cells lines, compared with the respective parental cells (Fig. 1B, right panel) . These findings indicate that the important differences between parental and SN-38-resistant cells in the formation of DNA single-strand breaks (Fig. 1A) can not be explained by attenuation of topoisomerase I protein levels alone. Drug accumulation is reduced in SN-38-resistant cells. Next, the accumulation of SN-38 in parental and resistant cells was determined by HPLC analysis after brief exposure to SN-38 (150 nM). The results (Fig. 1C, left panel) show that SN-38 resistance was accompanied by 2-to 3-fold reduction in SN-38 accumulation for both HT-29/SN-38 cells (p<0.01) and HCT-116/SN-38 cells (p<0.001).
Irinotecan resistance has been associated with increased expression of drug efflux pumps belonging to the ABC transporter superfamily including ABCG2/BCRP and ABCB1/p-glycoprotein (21, 22) . In agreement, both proteins were upregulated in HT-29/SN-38 cells, compared with HT-29 parental cells. In comparison, no expression of P-glycoprotein or BCRP was detected in either parental or SN-38 resistant HCT-116 cells (Fig. 1C, right panel) . tively, and 22 vs 29 h for HCT-116 and HCT-116/SN-38 cells, respectively (data not shown). Cell cycle analysis revealed that the S phase fraction was reduced by one-fourth to onethird for both SN-38-resistant cell lines, whereas the G2/M fraction had at least doubled ( Fig. 2A) . Additional analysis for Ser10-phosphorylated histone H3, a mitotic marker (43), revealed no important differences in the fraction of phospho-H3 positive cells which varied between 3.8 and 4.5% for all four cell lines (data not shown). Therefore, the increased G2/M fraction is due to an important increase of cells in the G2 phase of the cell cycle.
For further validation, the cellular distribution of cyclin B1 was determined by immunocytochemistry. Cyclin B1 accumulates in the cytoplasm during the G2 phase and is then translocated to the nucleus during prophase before the breakdown of the nuclear membrane (44) (45) (46) . Quantitative analysis of cells with cytoplasmic cyclin B1 (arrows, Fig. 2B , left panel) revealed a significant (p<0.001) increase in the fraction of such cells for both SN-38 resistant cell lines (Fig. 2B, right panel) , in agreement with the cell cycle data.
SN-38-resistant cells show altered growth in vivo.
For in vivo characterization, tumor xenografts were established from parental and SN-38-resistant cell lines. The growth of HT-29/SN-38 tumors was significantly (p<0.01) slower than that of HT-29 tumors with average tumor volumes of 721 mm 3 vs 1,362 mm 3 by 28 days, corresponding to a 47% reduction in the average tumor size (Fig. 3A) . The growth of HCT-116/SN-38 tumors was also significantly different from that of HCT-116 tumors (p<0.05) with average tumor volumes of 1,009 mm 3 for HCT-116/SN-38 compared with 1,733 mm 3 for the parental HCT-116 tumors, corresponding to a 42% reduction in the average tumor size (Fig. 3B) . Therefore, in both cases, tumor growth of the SN-38-resistant xenografts was approximately half of that observed for the corresponding parental tumors.
Treatment of the mice with irinotecan (35 mg/kg i.p. every four days) revealed that the HT-29/SN-38 and HCT-116/SN-38 tumors retained the resistance to irinotecan in vivo throughout the four-week treatment. Specifically, irinotecan treatment reduced the average tumor size by 75% for HT-29 tumors 
SN-38-resistant cells show reduced levels of DNA synthesis in vivo.
Next, we wished to compare the levels of in vivo DNA synthesis in parental and SN-38-resistant cells. For this purpose, tumor-bearing mice were injected with EdU, a thymidine analog, 48 h before sacrifice and EdU incorporation was subsequently determined by fluorescence histochemistry (Fig. 3C, left panel) . Quantitative image analysis showed that DNA incorporation was significantly (p<0.001) lower in both SN-38-resistant tumors compared with tumors derived from the respective parental cells, which was particularly striking for the HCT-116 tumors (Fig. 3C, right panel) . 
SN-38-resistant cells show increased levels of phosphorylated H2AX and Chk2. Phosphorylation of histone H2AX (γ-H2AX)
is an early response to the formation of DNA double-strand breaks and has also been associated with increased levels of 'oncogenic stress', likely due to replicative errors (47, 48) .
Immunocytochemistry of parental and SN-38-resistant cells showed a significant increase in the basal levels of γ-H2AX for both SN-38-resistant cell lines (Fig. 4A) suggesting that the development of CPT resistance is accompanied by increased activation of the DNA damage response. Biparametric flow cytometry analysis was used to determine whether γ-H2AX is preferentially associated with a specific phase of the cell cycle (Fig. 4B) . The results show that for HT-29 cells, SN-38 resistance is accompanied by an increased fraction of γ-H2AX positive cells in the G1 phase of the cell cycle (from 44 to 64%) whereas the fraction of γ-H2AX positive cells in both S and G2/M is decreased. In contrast, for HCT-116 cells, SN-38 resistance is accompanied by an increase of γ-H2AX positive cells in both the S and G2/M phase of the cell cycle (Fig. 4B) . Although apparently contradictory, these results are coherent with the genotype of the investigated cell lines, since MSI cells like HCT-116 are typically diploid due to an efficient mitotic checkpoint that prevents cells with damaged DNA from undergoing mitosis. In comparison, the chromosome abnormalities of CIN cells like HT-29 are, at least in part, due to defects in the mitotic checkpoint allowing mitotic slippage of cells with damaged DNA (11) . substrates such as the checkpoint kinase Chk2 for ATM and Chk1 for ATR (36, 49, 50) . Western blot analysis of the total and phosphorylated forms of Chk1 showed no consistent differences between parental and SN-38-resistant cells (Fig. 4C) . In contrast, phospho-Chk2 was increased in both SN-38 resistant cell lines without changes in Chk2 protein levels. Although the selective activation of Chk2 suggests the involvement of the DNA damage sensor ATM, we found no detectable evidence for increased ATM activation in the SN-38-resistant cells, as indicated by the presence of phospho-Ser1981 ATM (data not shown). Taken together, these findings demonstrate that prolonged exposure to SN-38 is accompanied by an upregulation of the DNA damage response, which is coherent with the increased fraction of cells in the G2 phase of the cell cycle.
SN-38-resistant cells are cross-resistant to 5-fluorouracil.
The reduced S-phase fraction suggests that the SN-38-resistant cells might show cross-resistance to S phase selective anticancer agents. This is particularly relevant for 5-fluorouracil which is frequently administered in combination with irinotecan. Both SN-38 resistant cell lines showed cross-resistance to 5-fluorouracil as determined by colony formation, which was particularly pronounced at high drug concentrations (Fig. 5) .
We next compared the sensitivities of HCT-116 and HCT-116/SN-38 xenografts to 5-fluorouracil (25 mg/kg i.p. on days 1, 2, 15 and 16). Treatment with 5-fluorouracil was accompanied by a 75% decrease in the average tumor volume of HCT-116 tumors compared with a 24% decrease for HCT-116/SN-38 tumors by day 28 (data not shown). Therefore, acquired resistance to SN-38 was accompanied by crossresistance to 5-FU both in vitro and in vivo.
Discussion
Irinotecan is approved for treatment of patients with metastatic colorectal cancer (8, 9) and shows promising activity in other applications such as gastric cancer. However, even in patients that respond well initially, the activity of irinotecan is eventually limited by acquisition of drug resistance. Although irinotecan is known to be S-phase selective, surprisingly little is known about the influence of prolonged irinotecan exposure on the cell cycle dynamics. Microsatellite instability (MSI) is linked to dysfunction of the DNA mismatch repair (MMR) system, which is involved in the correction of base/base mismatches and insertion/deletion loops during the S phase of the cell cycle (12) . Interestingly, it has been reported that irinotecan is selectively active toward MMR-deficient tumors cells in vitro as well as in patients, compared to tumors with structural and numerical chromosome instability (CIN) (13, 14) .
We now report the development and characterization of two CRC cell lines, HCT-116/SN-38 (MSI) and HT-29/SN-38 (CIN) with acquired resistance to SN-38, the active metabolite of irinotecan. The parental MSI cells were initially more sensitive to SN-38, compared with the parental CIN cells, in vitro as in vivo, in agreement with previous reports (13, 14) . However, the MSI cells rapidly developed high levels of SN-38 resistance coherent with the hypermutator phenotype of these cells (11) . Overall, we did not observe any notable differences between MSI and CIN cells with regard to the biological modifications observed following prolonged SN-38 exposure.
In agreement with the current model for CPT action, SN-38 resistance was accompanied by decreased levels of SN-38-induced DNA topoisomerase I cleavable complexes. This was principally attributed to an important decrease in drug accumulation which likely is associated with overexpression of one or several ABC transporters. HT-29/SN-38 cells overexpressed both ABCB1 (P-glycoprotein/mdr1) and ABCG2 (breast cancer related protein/mitoxantrone transporter/BCRP) whereas neither parental nor resistant HCT-116 cells expressed these two proteins. However, the decreased drug uptake in HCT-116/SN-38 cells might involve members of the MDR/ ABCC family (21) .
Strikingly, both SN-38 resistant cell lines displayed permanent modifications of the cell cycle dynamics under basal conditions (that is under drug-free conditions). Specifically, SN-38 resistant cell lines showed a prolonged generation doubling time which was accompanied by a lower proportion of S phase cells and a doubling of the fraction of cells in G2/M. Subsequent characterization of cells with cytoplasmic cyclin B1, a marker for cells in G2, in combination with quantitative analysis of cells expressing phospho-H3, a mitotic marker, unambiguously showed that the increased G2/M fraction was due to an increase of cells in the G2 phase of the cell cycle. The altered growth dynamics was confirmed in vivo for tumor xenografts established from parental and SN-38-resistant cells. In particular, by 28 days the average tumor size of the CPT-resistant xenografts was approximately half of that observed for the corresponding parental tumors. In addition, in vivo DNA synthesis (as determined by EdU incorporation) was significantly reduced for both tumor models.
The altered growth dynamics might influence the sensitivity to other anticancer agents. 5-Fluorouracil is of particular interest since it is an S-phase selective agent which is often administered in combination with irinotecan. Indeed, both SN-38-resistant cell lines showed cross-resistance to 5-fluorouracil as determined by colony formation assays which was subsequently confirmed in vivo for the SN-38 resistant HCT-116 cells.
Increased activation of proteins involved in the DNA damage response, including the phosphorylated forms of histone H2AX (γ-H2AX) and the checkpoint kinases Chk1 and Chk2 has been associated with 'oncogenic stress', probably linked to replication-induced DNA damage. This type of DNA damage response is quantitatively and temporally different from the classical DNA damage response observed after acute genotoxic stress like ionizing radiation. Specifically, replicative stress is associated with a modest, but permanent activation of the DNA damage response compared to the strong but transient response following ionizing irradiation (47, 48) . We show here that both SN-38-resistant cell lines had increased basal levels of phosphorylated H2AX and Chk2, but not Chk1. This is in agreement with previous studies reporting that certain types of replicationdependent DNA damage may activate the ATM/Chk2 pathway rather than the canonical S phase-specific ATR/Chk1 checkpoint pathway (51) . Although the selective activation of Chk2 points toward the involvement of the DNA damage sensor ATM, we found no evidence for ATM activation, as indicated by the presence of phospho-Ser1981ATM. However, it is possible that the putative ATM activation in the SN-38-resistant cells might be below the detection limit. An alternative explanation is that Chk2 might have been activated by the DNA-dependent protein kinase, which targets the same residue on Chk2 as ATM (52) .
Our data are in line with the increasing experimental and clinical evidence indicating that exposure to cancer therapeutics may not only promote classical resistance mechanisms but also change the biology of the tumor. Identification of these mechanisms represents a major challenge in the years to come considering that such changes may be accompanied either by cross-resistance or by increased sensitivity to other classes of therapeutic agents.
In summary, we present evidence that prolonged exposure to SN-38/irinotecan is accompanied by permanent modifications of cell cycle dynamics in vitro as in vivo. This could have a profound impact on tumor sensitivity to a wide range of structurally unrelated antitumor agents and may influence tumor progression in patients.
